Objective: The relationships between frailty and body composition in older adults with HIV infection are poorly understood. We sought to describe associations between frailty and measures of body composition among adult men with HIV and without HIV.
Background
Frailty is a clinical entity that is easy to recognize but difficult to define. It represents a vulnerability to adverse health outcomes and is the result of factors contributing to poor health and natural aging. Similarities between frailty and HIV infection have been observed since early in the HIV epidemic [1] . Prior to the use of effective antiretroviral therapy (ART), men with HIV in the Multicenter AIDS Cohort Study (MACS) were nine times more likely to have a frailty-related phenotype than men without HIV (13.9 vs. 1.5% prevalence) [2] . Despite ART-induced viral suppression, adults with HIV infection continue to have higher rates of frailty than matched HIV-uninfected populations [3] [4] [5] [6] [7] [8] . Furthermore, even in the presence of HIV viral suppression, chronic comorbid illnesses (neurocognitive impairment, depression, coinfection with other viruses) and lifestyle factors common in people with HIV infection (e.g. smoking) are strongly associated with and likely contribute to the development of frailty [3, [8] [9] [10] .
Since the advent of effective ART, the life expectancy of people with HIV has been extended dramatically [11] . However, the combination of aging, ART toxicities, and lifestyle, among other factors, has contributed to an increasing prevalence of obesity, declining skeletal muscle mass, and a high prevalence of osteopenia or osteoporosis in aging adults with HIV infection [12] . A recent AIDS Clinical Trials Group (ACTG) long-term study that followed persons up to 7 years post-ART initiation found that, compared with people without HIV, those with HIV gained more trunk fat and lost more lean mass and more bone mineral density (BMD) at the lumbar spine [13, 14] . Another study reported that obese adults with HIV had a higher trunk-to-appendicular fat ratio (1.58 vs. 1.32; P ¼ 0.05) and greater visceral fat mass (1.97 vs. 1.60 kg, P ¼ 0.04) compared with HIV-uninfected with comparable BMI [15] .
Associations between frailty and greater BMI, lower muscle mass, and BMD have been described among adults without HIV, and may contribute to pathogenesis or clinical manifestations of frailty [16] [17] [18] . Among people living with HIV, frailty has been associated with higher BMI, greater total fat mass, and trunk fat [19] . In other studies, frailty has been associated with low lean mass, low BMD [20] , higher waist-to-hip ratio but not waist circumference (WC) [15] , and obesity [21] . Whether the relationship between body composition and frailty differs in persons with HIV, among whom lipodystrophy, wasting, and osteoporosis are common, is not known.
We sought to determine associations between frailty and a diverse panel of measures of body composition that each capture and summarize different aspects of body composition among adult men with HIV and a comparison group of demographically similar men without HIV. These included summarized measures of overall adiposity (BMI), a clinical measure of abdominal obesity (WC), specific regions of adiposity [subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT)], presence of 'sarcopenia' based upon lean mass-derived appendicular skeletal muscle index (ASMI), and lastly bone density by the presence of osteoporosis or osteopenia in the lumbar spine and femoral neck. We hypothesized that greater VAT and lower lean mass would be associated with frailty.
Methods

Study population
Our study population constituted men with and without HIV who participated in the MACS, and specifically within the Bone Strength Substudy (BOSS). The MACS is an ongoing study of men with or at risk for HIV infection at four sites in the United States: Los Angeles, California, USA; Pittsburgh, Pennsylvania, USA; Washington D.C/Baltimore, Maryland, USA; and Chicago, Ilinois, USA. MACS participants return semiannually for a standardized interview, clinical evaluation and laboratory tests. The BOSS Substudy included MACS participants aged 50-69 years and was initiated to investigate the contribution of aging, chronic HIV infection, and ART use on both skeletal and nonskeletal risk factors for fractures. BOSS participants underwent dual-energy X-ray absorptiometry (DXA), quantitative computed tomography (CT), and frailty phenotyping at enrollment into BOSS. MACS participants were excluded from BOSS if there was a history of bisphosphonate, denosumab, or teriparatide use or if they weighed greater than 300 lbs or had a BMI greater than 35 kg/m 2 . All men with HIV were on ART. Participants were included in the present analysis if they had completed a DXA, quantitative CT, and frailty phenotyping within 12 months of one another. The study period began in September 2012 and ended in April 2015. The institutional review boards at each site approved the study, and each participant provided written informed consent.
Outcomes
Frailty was assessed using the Fried frailty phenotype [8, 22] . Unintentional weight loss was present if the participant answered 'yes' to the question, 'since your last visit, have you had an unintentional weight loss of at least ten pounds?' Exhaustion was present if the participant answered 'yes' to the question 'during the past 4 weeks, as a result of your physical heath, have you had difficulty performing work or other activities (for example, it took extra effort)?' Slowness was assessed by gait speed during a 4-m walk test based on a study specific cut-off of the lowest 20th percentile among men without HIV: a speed of less than 1.03 m/s for men 178 cm or less tall and less than 1.06 m/s for those greater than 178 cm tall met criteria for slowness. Low-physical activity was present if the participant answered 'yes, limited a lot' to the question 'does your health limit you in vigorous activities, such as running, lifting heavy objects, participating in strenuous sports?' Weakness was assessed by grip strength on a handheld dynamometer, and defined by a study specific cut-off of the lowest 20th percentile among men without HIV with a grip strength of less than 32.7 kg. Each component was given a score of '1' if present, and frailty was defined as a composite score of at least 3, prefrail as a composite score of 1-2, and nonfrail (or robust) as a composite score of 0. These procedures were standardized across all study sites.
Body composition measures BMI was determined by dividing the body weight (kg) by height squared (m 2 ). Waist circumference was measured in centimeters with participants in the standing position according to previously validated methods [23] . Quantitative CTusing a single slice CT scan at the L4-L5 region was used to measure VAT and SAT area by methods previously described [24] . Whole body and site-specific (femoral neck and lumbar spine) dual energy X-ray absorptiometry (DXA) were used to assess lean mass and BMD, respectively. DXA scans were completed on a Lunar Prodigy (GE Medical Systems, Madison, Wisconsin, USA) in conjunction with Encore 2002 software at the Pittsburgh site and Hologic 4500A machines with QDA4500A software version 9.03 (Hologic Inc., Waltham, Massachusetts, USA) at the other sites. Scans were read centrally at Tufts Body Composition Analysis Center (Boston, Massachusetts, USA).
BMI, waist circumference, VAT, and SAT were categorized and analyzed in tertiles. ASMI was calculated as the sum of lean mass in the arms and legs, adjusted to height (kg/m 2 ), with sarcopenia defined as ASMI 7.26 kg/m 2 or less [25] . BMD at the lumbar spine and femoral neck was categorized per World Health Organization criteria as normal, osteopenic (T-score less than À1 but greater than À2.5), or osteoporotic (T score À2.5 or less) [26] .
Covariates
Physical activity level was self-reported as low, moderate, or high, and measured using the International Physical Activity Questionnaire (IPAQ) [27] . Depressive symptoms were defined by a score of 16 or greater on the Center for Epidemiological Studies-Depression (CES-D) questionnaire [28] , hepatitis B virus (HBV) infection was defined as the presence of a positive HBV surface antigen and hepatitis C virus (HCV) infection by the presence of serum viral RNA, diabetes mellitus as defined as a fasting glucose at least 126 mg/dl, or the self-reported diagnosis of diabetes with use of medications for glucose control, kidney disease was defined by estimated GFR 60 ml/min per 1.73 m 2 or less body surface area using the Modification of Diet in Renal Disease equation [29] , hypertension was defined as SBP at least 140 mmHg or DBP at least 90 mmHg, or self-reported diagnosis of hypertension with use of antihypertensive medications. HIV-specific factors included current CD4
þ nadir, cumulative years of ART use, and cumulative years of use of specific antiretroviral classes or agents: protease inhibitors (PI); stavudine (D4T); zidovudine (ZDV); and tenofovir disoproxil fumarate (TDF). Plasma HIV-1 RNA concentration was not included in the analysis because of the majority (90%) of men demonstrating virologic suppression (HIV-1 RNA <50 copies/ml).
Statistical analysis
Multinomial multivariate logistic regression models were used to estimate the crude (OR) and adjusted (aOR) odds ratios, and 95% confidence intervals (CI) for each measure of body composition with different levels of frailty as the outcome (that is, nonfrail, prefrail and frail). Two different analyses were conducted on each body composition measure: the entire cohort (both men with and without HIV) adjusted for covariates including HIV serostatus and men with HIV adjusted for covariates including HIV-specific factors. The covariates that were used in the multivariate analysis were chosen based on statistically significant univariate association with frailty status and previously established scientific knowledge, including HIV infection, age, race, enrollment period, education, physical activity level, smoking status, alcohol use, injection drug use, depressive symptoms, viral hepatitis, diabetes, hypertension, and kidney disease as well as HIV-related factors (CD4 þ , CD4 þ nadir, cumulative years of ART, PI, d4T, ZDV, and TDF use). The interaction between each body composition measure and HIV serostatus with frailty was also evaluated in the adjusted model. A sensitivity analysis that was restricted to HIV-infected men with viral load less than 50 copies/ml was conducted. The coefficients derived from the multinomial logistic regression model can be interpreted as either a relative risk ratio or conditional odds ratio, which is algebraically equivalent [30] . The association of each body composition component with frailty status here was reported as a conditional odds ratio (OR) with a 95% confidence interval (CI). Pearson test was used to assess correlation between waist circumference and VAT. A P less than 0.05 guided interpretation of statistical significance. Statistical analyses were conducted using SAS software version 9.4 (Carey, North Carolina, USA).
Results
Of 399 men included in the study, 199 were men with HIV and 200 were men without HIV. As shown in Table 1 , the groups were similar by age, educationattained, physical activity level, alcohol, and tobacco use. Men with HIV were significantly less likely to be white and were more likely to have an injection drug use history. Men with HIV had greater proportions of depressive symptoms, viral hepatitis, diabetes, kidney disease, and hypertension compared with men without HIV, although not all of the differences were statistically significant. Among men with HIV, median CD4 þ cell count was 641 cells/ml and median cumulative exposed time on ART was 12.5 years.
Among the men with HIV, 35% were nonfrail, 49% were prefrail, and 16% were frail. Among the men without HIV, 43% were nonfrail, 49% were prefrail, and 8.0% were frail ( Table 1) . As shown in Table 1 , median measures of overall adiposity, abdominal adiposity, lean mass/sarcopenia, and bone density were similar between men with and without HIV. Measures of specific regions of adiposity were significantly different: VAT was higher among men with HIV and SAT was higher in men without HIV (P < 0.05). As shown in Fig. 1 , of participants that had all three measurements, 39% were sarcopenic, 49% had high VAT (>130 cm 2 ), 13% had osteopenia/osteoporosis, and 11% with both sarcopenia and high VAT. Associations between frailty and HIV HIV infection was associated with a 2.43-fold (95% CI 1.23-4.79) increase in the odds of frailty, but was not significantly associated with increased risk of prefrailty (aOR ¼ 1.19, 95% CI 0.78-1.82), in adjusted analyses (reviewed in the footnote of Fig. 2 ).
Associations between frailty and adiposity in multivariate analyses In adjusted models, there were no significant associations between BMI and prefrailty or frailty among the entire cohort or the group of men with HIV (all P >0.05, Fig. 3 , there was a positive correlation between waist circumference and VAT in both the entire cohort (r ¼ 0.62, P < 0.0001) and the men with HIV (r ¼ 0.56, P < 0.0001).
Associations between frailty and sarcopenia in multivariate analyses Sarcopenia was associated with an increased odds of frailty in both the entire cohort [aOR ¼ 2.68 (95% CI 1. 20) . In a sensitivity analysis restricted to HIV-infected men with HIV-1 RNA less than 50 copies/ ml, the direction and magnitude of effects of body composition on frailty remained consistent compared with results estimated among the group of men with HIV.
Body composition and frailty in the MACS Hawkins et al. 1261 þ nadir, cumulative exposure to ART, PI, D4T, ZDV, and/or TDF. Ã BMI, WC, VAT and SAT are reported as odds of being in the highest tertile compared with the middle tertile. The tertile cut points are as follows: BMI: first 23.7 or less, second 23.7-27.7, third greater than 27.7 (kg/m 2 ), WC: first 91.9 or less, second 91.9-101.5, third greater than 101.5 (cm). VAT: first 94.6 or less, second 94.6-172.2, third greater than 172.2 (cm 2 ), SAT: first 160.4 or less, second 160.4-245.6. third greater than 245.6 (cm 2 ). ART, antiretroviral therapy; D4T, stavudine; PI, protease inhibitors; SAT, subcutaneous adipose tissue; TDF, tenofovir disoproxil fumarate; VAT, viscera adipose tissue; WC, waist circumferencecircumference; ZDV, zidovudine.
Discussion
In a cohort of well characterized men with and without HIV, we found that sarcopenia and central adiposity (either VAT or waist circumference) were strongly associated with frailty. In contrast, BMI and SAT were not associated with frailty. Although HIV was associated with increased frailty, the effect of these body composition measurements on frailty did not differ by HIV serostatus [3] [4] [5] 31, 32] . In contrast to prior studies linking frailty to low CD4 þ cell count and a history of AIDS [8, 33, 34] , we did not find an association between frailty and HIV-specific factors, likely reflective of low rates of clinical AIDS and high CD4 þ T-cell counts.
We found robust associations between frailty with central adiposity and sarcopenia. To the best of our knowledge, the association between frailty and VAT area in adult men with HIV has not been previously reported. One small prior study of people with HIV found that greater trunk fat but not lean mass was associated with frailty [19] , in contrast to the strong association we found between sarcopenia and frailty among both men with and without HIV. In a previously reported case-control study of middle-aged, adults with HIV, we similarly found that low-functioning adults had greater sarcopenia (by ASMI) than high-functioning controls [20] . Also similar to this previously published study, we found no association between BMI and frailty, perhaps because of the relatively small range of BMIs observed in our cohort or the restricted upper range of BMI [20] . The lack of an identifiable association between frailty and BMI is likely multifactorial. First, the relationship between BMI and frailty may be not be linear; many prior studies of both people living with and without HIV, have identified both low and high BMI as risk factors for development of frailty [5, 16, 19, [35] [36] [37] . Second, BMI is not an accurate assessment of adiposity [38] : Low BMI is likely a marker of loss in muscle mass or fat, and is often seen in conjunction with comorbidities common in frailty (e.g. chronic obstructive pulmonary disease, chronic kidney disease). A higher BMI could be a marker of increased lean mass or increased adipose tissue, with the latter associated with increased levels of inflammation and the presence of comorbid diseases that impede function (arthritis, coronary artery disease, diabetes mellitus) [39] [40] [41] . Thus, separate measures of fat and lean mass describe the components of body composition associated with frailty more accurately than the 'composite' measure of BMI.
Underlying mechanisms that link central adiposity, sarcopenia, and frailty are likely due, in part, to chronic levels of underlying inflammation and immune activation. Adipose tissue, and in particular VAT, is a metabolically active tissue that contributes to heightened inflammation and immune activation [40] . In addition to adipokines, many markers of inflammation are associated with VAT, including serum levels of interleukin (IL)-6, tumor necrosis factor alpha, and C-reactive protein [42] [43] [44] . Inflammation has also been implicated as a major causative factor in the development of sarcopenia [45] . Though no HIV-specific causality for frailty has been established among adults with HIV, an enhanced underlying inflammatory state associated with central adiposity and sarcopenia ('sarcopenic obesity') may contribute. For example, elevated IL-6 has been associated with both VAT and sarcopenia in adults with HIV [42] , and elevated IL-6 has also been associated with frailty in adults with HIV [46] [47] [48] . However, frailty is a dynamic process and frailty itself likely contributes to increased VAT and sarcopenia through many potential mechanisms including reduced physical activity.
The interplay between frailty, muscle mass, and bone density is well recognized, and our findings in the overall cohort were consistent with those previously published among populations without HIV [17, 18, 20] , even in the absence of statistical significance. The prevalence of osteopenia and osteoporosis was lower than that seen in prior studies of HIV cohorts, which may have decreased power to attain statistical significance. Additionally, other HIV-specific factors likely to contribute to low BMD including CD4 þ cell nadir and long-term use of TDF; adjustment for these factors may have explained a greater proportion of low BMD than frailty.
Lastly, we assessed associations between waist circumference and VAT. Waist circumference is a validated surrogate for VAT in HIV-uninfected persons [49, 50] . Recently published clinical guidelines on obesity and lipodystrophy in adults with HIV recommend measurement of annual waist circumference [51] , based on growing evidence that central adiposity, particularly VAT, is associated with adverse health outcomes. We found a strong, positive correlation between waist circumference and VAT in both the entire cohort (r ¼ 0.62, P < 0.0001) and the men with HIV (r ¼ 0.56, P < 0.0001). Our findings corroborate a prior study that showed self-reported waist gain and waist circumference correlated with DXA-derived and CTderived measures of abdominal fat, including VAT, among adults with HIV [52] . Furthermore, the strong association between waist circumference and frailty emphasizes the clinical importance of waist circumference measurement, and suggests that waist circumference may be an easy, clinically accessible marker for adults with HIVat increased risk for frailty.
The strengths of this study include the control group of men without but at risk for HIV, similar demographically to the group of men with HIV who were studied. Body composition measurements from DXA and CT scans allowed for more thorough and precise comparisons than BMI or DXA alone. Further, all men with HIV were prescribed ART and the vast majority of the participants were virologically suppressed. This study had several limitations: the cross-section design restricted our ability to establish temporality between the independent and dependent variables. The results may not be applicable to more racially diverse population or to women, especially with respect to hormonal changes associated with aging and differences in body composition. The exclusion of participants with a BMI of greater than 35 kg/m 2 may have introduced a bias that precluded finding an association between BMI and frailty, although this represents less than 2% of the MACS. Lastly, more contemporary definitions of sarcopenia as described by the The European Working Group on Sarcopenia in Older People [53] and the International Working Group on Sarcopenia [54] , focus on both loss of muscle mass and function (gait speed or grip strength). As these measures of function are also components the outcome of frailty, we did not use these definitions.
In summary, in this study of nearly 400 older men with and without HIV, frailty was associated with HIV infection as well as with central adiposity, sarcopenia, and femoral neck osteoporosis. The association of frailty with central adiposity, and the strong correlation between a simple clinical measure of central adiposity (waist circumference) and CT-based VAT assessment, provide additional clinical rationale supporting the annual assessment of waist circumference for both metabolic risk and for identifying frailty risk. Lastly, the high degree of overlap in central adiposity, sarcopenia, and femoral osteoporosis supports the probable existence of a common mechanistic pathway for these conditions; interventions with beneficial effects on all three outcomes may have the greatest potential to prevent, delay, or improve frailty. Longitudinal studies can further ascertain the potential causal role of these body composition changes in the pathway to frailty, and to evaluate the risks and benefits of interventions such as cardiovascular and resistance exercise, hormone-based therapies, or dietary interventions on frailty that may be mediated through changes in body composition.
